Abstract High-and low-density lipoproteins (HDL and LDL) are attractive targets for biomarker discovery. However, ultracentrifugation (UC), the current methodology of choice for isolating HDL and LDL, is tedious, requires large sample volume, results in sample loss, and does not readily provide information on particle size. In this work, human plasma HDL and LDL are separated and collected using semi-preparative asymmetrical flow field-flow fractionation (SP-AF4) and UC. The SP-AF4 and UC separation conditions, sample throughput, and liquid chromatography/mass spectrometry (LC/MS) lipidomic results are compared. Over 600 μg of total proteins is recovered in a single SP-AF4 run, and Western blot results confirm apoA1 pure and apoB100 pure fractions, consistent with HDL and LDL, respectively. The SP-AF4 separation requires~60 min per sample, thus providing a marked improvement over UC which can span hours to days. Lipidome analysis of SP-AF4-prepared HDL and LDL fractions is compared to UC-prepared HDL and LDL samples. Over 270 lipids in positive MS mode and over 140 lipids in negative MS mode are identified by both sample preparation techniques with over 98% overlap between the lipidome. Additionally, lipoprotein size distributions are determined using analytical scale AF4 coupled with multiangle light scattering (MALS) and dynamic light scattering (DLS) detectors. These developments position SP-AF4 as a sample preparation method of choice for lipoprotein biomarker characterization and identification.
Introduction
Lipoproteins are complexes of lipids and proteins responsible for transporting lipids through the blood stream. The role of lipoproteins in cardiovascular disease (CVD) has been well studied, and lipoprotein blood levels are commonly used to assess cardiovascular health [1] . Lipoprotein composition, concentration, and size have been suggested or used as risk factors for CVD, but may also be useful as risk factors for other diseases such as chronic kidney disease (CKD). However, lipoproteins exist over a range of compositions and sizes making their characterization challenging [2] . Additionally, lipoprotein biomarkers may be present in low abundances further complicating screening and analysis [3] . Fast and accurate measurements of these properties and low abundance biomarkers are important for diagnosing and predicting disease. Lipoproteins have distinct subclasses based on their density: high-density lipoproteins (HDL) and low-density lipoproteins (LDL). Separating different subclasses from blood plasma is an important step for Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-018-1499-3) contains supplementary material, which is available to authorized users.
understanding the correlation between specific lipoprotein characteristics and disease [4] .
Ultracentrifugation (UC) is one of the primary techniques for isolating lipoproteins for clinical studies [5] . However, there are questions about the precision of the UC technique and the stability of lipoproteins during analysis [6] [7] [8] [9] . Often, UC lipoprotein separations require large sample volumes and long ultracentrifugation duration (up to 30 h) to isolate each subclass and rely on high potassium bromide concentrations (~3 M) to create the appropriate density gradients [6] . Such a long duration of UC can be detrimental to the stability of the lipoprotein particle component proteins and lipids. Also, the high salt concentration may cause unwanted aggregation of LDL [10] . Additionally, UC studies have reported that spin rates > 30,000 rpm result in lower particle densities and increased dissociation of apoA1 from human lipoproteins [6] . Another study of human lipoproteins found that apoA1 was lost during each UC spin until one third of the apoA1 was lost with five spins [7] . Interestingly increasing ionic strength was found to decrease apoA1 dissociation from HDL while reducing ionic strength decreased dissociation of other exchangeable apolipoproteins [8] . However, reducing ionic strength still requires high centrifugal force. Therefore, faster methods capable of separating and characterizing lipoproteins in human plasma that utilize smaller sample volumes and do not use high centrifugal force or ionic strengths are needed to decrease analysis time and avoid potential artifacts.
Electrophoresis [11] and size exclusion chromatography (SEC) [12] have been used to separate lipoprotein subclasses. However, interactions with the chromatography packing material and restrictions on the buffer types that can be used are challenges still being addressed [13] . Analytical scale flow field-flow fractionation (FlFFF) has been shown capable of separating lipoproteins by size without significant packed column interactions [14] . It also provides flexibility in buffer composition and concentration. The capability of symmetrical FlFFF (SyFlFFF) to separate lipoproteins from human plasma was demonstrated over 20 years ago [15] . Recent work has focused on the development of two other FlFFF variants, asymmetrical flow field-flow fractionation (AF4) and hollow fiber flow field-flow fractionation (HF5). The AF4 technique provides benefits over SyFlFFF including higher resolution and faster separation speeds [16] while the HF5 variant also showed similar performance to AF4 [17, 18] . Lipoprotein composition information has been obtained using a miniaturized chip-type AF4 channel coupled with electrospray ionization-tandem mass (ESI-MS/MS) spectrometry [19] for top-down lipidomic analyses of lipoproteins. Lipoproteins were also used in a multivariate design of experiment approach to optimize AF4 separation conditions for coupling with LC-MS/MS [20] . These prior FFF studies typically utilized 10-80 μL of human plasma and often require the pooling of fractions collected from as many as 16 FFF separations prior to additional analyses [21] [22] [23] [24] [25] [26] .
Semi-preparative flow FFF separation has been implemented by connecting six parallel HF5 modules in a multiplexed configuration (MxHF5) [21] . This led to an increase of bovine serum albumin sample loading from 8 μg for a single HF5 module to~50 μg for the MxHF5 and enabled the subsequent analysis of 50 μL of human plasma. However, two subsequent 50-μL injections of human plasma (100 μL total) were needed to produce the amount of lipoproteins suitable for bottom-up lipidomic analyses by nanoflow liquid chromatography ESI-MS/MS (nLC-ESI-MS/MS) [22, 23] . The use of MxHF5 requires reproducible characteristics and performance of each individual hollow fiber. While the retention time was the same, a 56% increase in band broadening was observed over that of a single HF5 module [21] . This, along with the unavailability of commercial MxHF5, led to the recent investigation of semi-preparative AF4 (SP-AF4) channel dimensions and performance [27, 28] . In comparison to analytical scale AF4, SP-AF4 uses larger channel breadths or thicknesses to increase the channel volume allowing for larger sample quantities to be introduced into the channel without overloading. Optimized SP-AF4 channels were able to handle milligram (up to 20 mg of 50-and 100-nm silica particles) quantities and are expected to provide an important capability for studies aimed at detection of low abundance biomarkers. Additionally, increasing lipoprotein sample loadings can enable different size subpopulations within each lipoprotein subclass to be collected for future studies of size-dependent lipidomics. To date, none of the flow FFF variants have been compared to UC as sample preparation methods for lipidomics analyses. This is an important step for bringing AF4 into common use for biomarker discovery.
In this work, we develop a semi-preparative AF4 method to separate and collect lipoproteins from human plasma. Our initial focus is on HDL and LDL only because these lipoprotein classes have been most widely used for disease risk factors and existing knowledge can be used to validate SP-AF4. Objectives included were (1) collection of HDL and LDL fractions under physiological conditions using SP-AF4, (2) comparison of SP-AF4 and UC separation conditions and sample recovery, and (3) comparison of lipidomics results from SP-AF4 and UC sample preparations. Additionally, analytical scale AF4-MALS-DLS is used to separate and characterize the size distribution of LDL in human plasma.
Materials and methods

Standards, samples, and AF4 carrier fluid
Bovine serum albumin (BSA) and thyroglobulin were from Sigma-Aldrich (St. Louis, MO), and intravenous immunoglobulin (IVIg) was provided by the School of Pharmacy and Pharmaceutical Sciences, University of Colorado Denver, Anschutz Medical Campus (Aurora, CO). Human plasma sample was obtained in mass quantity from the donors' pool of over 1000 de-identified blood donors from the American Red Cross for research purpose.
Prior to isolation of LDL and HDL fragments, the total LDL and HDL concentrations of pooled human plasma samples were measured in a two-step process using the Randox (RX) Laboratories (Kearneysville, WV) protocols. In the first step, we used cholesterol esterase, cholesterol oxidase, and catalase aimed at degrading other lipoproteins in the presence of specific detergents that protect either the LDL or HDL particles from degradation. This allowed the subsequent measurement of the cholesterol concentration only from the remaining LDL or HDL particles in the second step using RX Series CH 3841 protocol to measure LDL and the RX Series CH 3811 protocol to measure HDL.
Then, we isolated HDL and LDL particles from pooled human plasma into separate fractions by a multistep UC gradient-based procedure as described previously [29, 30] . After isolation of HDL and LDL fractions, the concentrations of the lipoproteins obtained from UC method were measured by Bradford protein assay using bovine serum albumin (BSA) (Sigma-Aldrich) and Coomassie Brilliant Blue G-250 (SigmaAldrich), creating standard solutions for a calibration curve and measuring the absorbance at 595 nm [31] . These UCprepared HDL and LDL standards of known concentrations are stored at − 80°C and thawed at room temperature prior to use, analyzed within 24 h, and thawed only once.
Pooled human plasma (HP) samples were stored at − 80°C and brought to room temperature prior to use. Samples prepared for AF4 analysis were either depleted of human serum albumin (HSA) and IgG or undepleted. Depleted pooled human plasma (HP-D) samples were prepared by removing human serum albumin (HSA) and IgG following the protocol for a ProteoPrep ® Immunoaffinity albumin and IgG depletion column (PROTIA-1KT; Sigma-Aldrich, St. Louis, MO). The initial 50-μL (the largest amount recommended for the ProteoPrep ® column) HP sample resulted in an HP-D sample with a total volume of 225 μL in a proprietary Blow ionic strengthp H 7.4 Tris buffer. Undepleted HP samples were prepared for SP-AF4 and analytical AF4 analysis by diluting 50 μL of human plasma to a total volume of 225 μL of AF4 carrier fluid. Samples were analyzed within 24 h of dilution.
The carrier fluid for all AF4 separations is a 50-mM phosphate buffer prepared by mixing 4.36 g of Na 2 HPO 4 
Semi-preparative AF4
An AF4 channel (Postnova Analytics Inc., Salt Lake City, UT) with a homemade trapezoidal spacer, two LC-6A pumps (Shimadzu, Japan), and a Spectra 100 UV/Vis detector (Spectra-Physics, Santa Clara, CA) set at 280 nm formed the semi-preparative AF4 system. The spacer had a nominal thickness of 350 μm, maximum breadth of 5 cm, minimum breadth of 1 cm, and a tip-to-outlet length of 27.6 cm. A 30-kDa molecular weight cutoff regenerated cellulose membrane (Microdyn-Nadir, Wiesbaden, Germany) formed the semipermeable accumulation wall. The outlet flow rate (V out ) was 0.5 mL/min, and the cross-flow rate (V c ) was set to 2.0 mL/min and decreased to 0.5 mL/min at 15 min. The focus time was 5 min with an injection flow rate (V inj ) of 0.2 mL/ min. The injected sample volume was 200 μL. Sample recovery is calculated as a ratio of the area under the peak for a retained sample to that for an unretained sample (i.e., injected into the SP-AF4 channel with no focusing or cross-flow).
Analytical AF4-MALS-DLS
An AF2000 system (Postnova Analytics Inc., Salt Lake City, UT) was used for the analytical scale AF4 separations. The AF4 system was coupled to a SPD-20A UV/Vis detector (Shimadzu, Japan), a HELEOS II multiangle light scattering (MALS) with a dynamic light scattering (DLS) detector (Wyatt Technology Corporation, Santa Barbara, CA), and an Optilab T-rEX differential refractive index detector (Wyatt Technology Corporation, Santa Barbara, CA). The AF4 spacer had a nominal thickness of 350 μm, maximum breadth of 2 cm, and a minimum breadth of 0.45 cm with a tip to outlet length of 29.3 cm. The semi-permeable accumulation wall is formed using a 30-kDa molecular weight cutoff regenerated cellulose membrane (Microdyn-Nadir, Wiesbaden, Germany). The focusing time was 5 min, the V inj was 0.2 mL/min, the sample injection volume of 20 μL, and the V out was 0.5 mL/min. The V c was programmed using the flow rates provided in Fig. S1 (see Electronic Supplementary Material (ESM)).
Mass spectrometry
Details of liquid chromatography-mass spectrometry (LC-MS)-based lipidomic analysis are published elsewhere [32] . In brief, the modified Bligh-Dyer method [33] is used to prepare samples. The lipoprotein fractions collected by SP-AF4 and lipoproteins isolated by UC are brought to room temperature. Lipids are extracted using water/methanol/dichloromethane (2:2:2, v/v/v), followed by spiking with 10 pmol of the MS grade lipid internal standards listed in the ESM. The dichloromethane layer is collected and dried under nitrogen.
The dry extract is reconstituted using 100 μL of acetonitrile/ water/isopropyl alcohol with a 10:5:85 ratio containing 10 mM NH 4 OAc followed by injection into MS. A Shimadzu CTO-20A Nexera X2 UHPLC with Waters Acquity UPLC HSS T3 1.8 μm column (Waters, Milford, MA) and a AB SCIEX quadrupole time of flight (TOF)-5600 equipped with a Turbo VTM ion source (AB SCIEX, Concord, Canada) is used for LC/MS analyses. The mobile phase consisted of acetonitrile/water (40:60 v/v) with 10 mM ammonium acetate (solvent A) and acetonitrile/water/ isopropanol (10:5:85 v/v) with 10 mM ammonium acetate (solvent B). The instrument is set to perform one time-offlight MS survey scan (150 ms) and 15 MS/MS scans controlled by data-dependent acquisition function with a total duty cycle time of 2.4 s in both positive and negative modes. The mass range in both modes was 50-1200 m/z. The mass accuracy of internal standards determined the m/z width for the chromatogram extraction and was set to 0.001 Da for positive mode and 0.005 Da for negative mode with overall mass error of less than 2 ppm. The MS/MS data is used to facilitate identification and MS1 for quantification. All the MS runs on all prepared samples are done in triplicate.
Results and discussion
Optimization of semi-preparative (SP-AF4) separation
The performance of the SP-AF4 channel is evaluated and optimized by using protein standards (BSA and IVIg) and a mixture of UC-prepared HDL and LDL standards (Fig. 1) .
Albumin protein and IVIg are chosen because they are major components of human plasma and their sizes are well suited for SP-AF4 optimization. A simple program using a single cross-flow rate V c reduction from 2.0 to 0.5 mL/min at 15 min serves to decrease the analysis time and increase sample recovery for the LDL standard (discussed below). Figure 1a shows fractograms obtained for individual injections of 200 μg BSA and 200 μg IVIg. Using AF4 theory and the Stokes-Einstein equation (Eqs. S-1 and S-2), the retention time t r at peak maximum of 6.6 min (BSA) and 10.6 min (IVIg) corresponds to hydrodynamic sizes of 7 nm and 11 nm, respectively, which are in line with literature values.
The purpose of using SP-AF4 is to allow for semipreparative sample loads (> 100 μg) to be processed. In human plasma, the high end concentrations of HDL and LDL are estimated to be~0.6 μg/μL and~2 μg/μL, respectively [34] . A 50-μL human plasma sample is thus estimated to have3 0 μg HDL and 100 μg LDL. Hence, SP-AF4 experiments are done with 39 μg (low) and 180 μg (high) total lipoprotein standards to assess the effects of sample loading on the separation. (A typical sample load for analytical scale AF4 and HF5 separations is < 50 μg.) The amount of total lipoprotein standard injected was determined by the Bradford assay (see BMaterials and methods^). Figure 1b shows the separation of HDL and LDL standard mixtures at the two different injected sample loads. The HDL standard elutes at 9.3 min with 91% sample recovery, which is a marked improvement compared to the < 65% typically recovered by UC [35] . This t r corresponds to an AF4-calculated spherical hydrodynamic diameter of~10 nm and is within the expected~7-to 15-nm span for HDL [36] . The cross-flow rate reduction at 15 min serves to decrease the analysis time and increase the recovery of LDL which elutes at 18 min. The LDL recovery is 43% which is an improvement over UC where recoveries are often below 20% [37] [38] [39] , but further improvement in recovery should be pursued in future work. The LDL size is not readily calculated from retention time due to the programmed cross-flow rate, but the presence of apoB100 (confirmed by Western blot, see SI) strongly suggests the presence of LDL. The peak at a b ) and the time when the V c is turned off are shown on each fractogram, and focusing step is not shown ~27 min elutes after the V c is turned off. No apoA1 is detected by Western blot analysis and only trace amounts of apoB100 are detected. This peak may be due to LDL that is reversibly adsorbed to the SP-AF4 membrane or more well-retained intermediate-density lipoproteins and very low-density lipoproteins [40] . These two lipoprotein classes are not specifically investigated because the focus of this work is on the most commonly studied risk factors, i.e., HDL and LDL.
Increasing the sample load from 39 to 180 μg results in an increase in retention time of~2 min for HDL (11.3 min) and 1 min for LDL (19 min) and a decrease in resolution from 1.2 to 0.8. This lower resolution still allows HDL and LDL enriched fractions to be collected as confirmed by Western blot (results not shown). The decrease in resolution is likely due to sample overloading effects, but the cause of the increase in retention time is unclear. Separation of HDL and LDL in < 60 min is shown to be possible for a 180-μg sample load. This is a > 40 times reduction in separation time than currently used UC technique and~9 times increase in sample loading over analytical scale AF4. Furthermore, AF4 separations are performed in a 50-mM phosphate buffer which is preferred for biological systems (rather than the 3 M KBr used in UC lipoprotein isolation) [6, 7, 10] .
Separation of human plasma lipoproteins by SP-AF4
Undepleted human plasma (HP) and HSA/IgG-depleted human plasma (HP-D) samples are prepared as described in the BMaterials and methods^section and then fractionated by SP-AF4. The HP fractogram shown in Fig. 2 exhibits a large peak with several smaller peaks (at~10 and 19 min) on the tailing edge.
The large peak is due to low molecular weight plasma proteins and/or overloaded amounts of HSA and IgG. The HSA and IgG are the major components of human plasma with concentrations of~45 μg/μL and~15 μg/μL, respectively. The 200 μL of 4× diluted human plasma sample separated by SP-AF4 contains~3000 μg of HSA and IgG and1 30 μg of lipoproteins (based on apolipoprotein content). Thus, the detector response signaling the elution of this relatively small amount of lipoproteins is masked by the large amounts of co-eluting HSA and IgG. This fractogram demonstrates the need to remove HSA and IgG prior to lipoprotein separation. The ProteoPrep ® column nominally removes9 5% of HSA and~85% of IgG from a 50-μL human plasma sample. After protein depletion, the remaining amount of HSA and IgG is expected to be similar to the lipoprotein amount and more distinctive HDL and LDL peaks should be observed. This is indeed the case as demonstrated by the superimposed fractogram of a depleted plasma or HP-D sample in Fig. 2 . The peak at 8 min is near the t r expected for HDL (9.3 min). The broadness and asymmetry of this peak are likely due to contributions from co-eluting HSA and IgG (t r s are 6.6 and 10.6 min, respectively) that are not removed by the . b a c Fig. 3 a Fractogram of HP-D separation and fraction collection by SP-AF4 and Western blot gels for b apoA1 and c apoB100 in each fraction. Fractions 13 to 16 collected from SP-AF4 were pooled into a single sample prior to Western blot analysis, and this single fraction is labeled as B13^in the apoA1 and apoB100 Western blot gels (the separation conditions are the same as those in Fig. 1) immunoaffinity column. The peak at 18.5 min is near the expected retention time for LDL. It is possible that other lipoprotein subclasses with larger sizes than LDL such as IDL or VLDL may partially co-elute at longer retention times or after the V c is turned off [40] . The void peak at~2.5 min decreases significantly after protein depletion. The peak after the V c is turned off has no detectable apoA1 and contains trace levels of apoB100 (determined by Western blot).
Separated HP-D fractions are collected from the detector outlet at 2-min intervals as shown in Fig. 3a . The fractions are analyzed using Western blot gels for qualitative analysis of apoA1 and apoB100 purity (Fig. 3b, c) .
Lanes 3 to 5 correspond to AF4 fractions between 6 and 12 min where HDL eluted (as established in Fig. 1b) and shows the presence of apoA1. Lanes 6 to 8 correspond to fractions between 12 and 18 min which is in-between HDL and LDL elution, so the absence of apoA1 and apoB100 is as expected. Plasma proteins not removed by the ProteoPrep ® Immunoaffinity Albumin and IgG depletion column likely elute between 12 and 18 min. Lanes 9 to 12 correspond to AF4 fractions between 18 and 26 min where LDL eluted (Fig.  1b) . It should be noted that apoB100 is associated with LDL, IDL, and VLDL, and these classes may co-elute in the fractions 11 and 12. Further work is needed to understand the separation of these additional lipoprotein classes. Western blots also show that apoA1 is present in lanes 1 and 2 and apoB100 is present in lanes 1 to 3. The presence of both apoA1 and apoB100 in these fractions may be due to elution of smaller sized nascent preβ-HDL particles and de-lipidated apoB100 protein. It is also possible that the presence of apoA1 and apoB100 in lanes 1 to 3 is due to co-eluting small dense LDL or some HDL and LDL particles not fully equilibrating in the AF4 channel during the relaxation/focusing step resulting in early elution.
The bicinchoninic acid (BCA) assay (see SI Materials and Methods: Protein quantification) was used in determining that over 650 μg of total proteins is collected in a single SP-AF4 separation. The amount of protein in fractions 3 to 5 and 9 to 12 are~6 to 109 μg. This is a large amount of sample compared to most AF4 studies where a total sample amount of2 0 μg is separated resulting in fractions with a maximum of only a few micrograms. Using SP-AF4, the amount of protein collected from 50 μL of human plasma is similar to that of HDL and LDL obtained from UC of over 1 mL of human plasma. Additionally, the SP-AF4 separation is accomplished in under 1 h instead of multiple hour or days, without high centrifugal force, and using buffers with lower ionic strengths reducing possible lipoprotein aggregation, damage, or apolipoprotein dissociation.
LC-MS/MS analysis of SP-AF4 lipoprotein fractions
The MS-determined lipidome of the UC-prepared standards and SP-AF4-prepared lipoprotein fractions is compared to show the suitability of SP-AF4 as a preparation method for HDL and LDL samples. SP-AF4 fractions 2 to 7, which are expected to contain the bulk of HDL, and fractions 9 to 13 containing the bulk of LDL are pooled prior to MS analysis to allow for a direct comparison to the UC-prepared samples. The same sample amounts of SP-AF4-and UC-prepared lipoprotein fractions (determined by normalizing to the protein content of each fraction) are then analyzed by LC-MS/MS. Lipid precursors identified in the first mass spectrometry (MS1) were fragmented into products in the second mass spectrometry (MS2). Specific fragmentation in MS2 allows accurate identification of unique lipids in MS1 as described previously [32, 41] . Figure 4 (ESM Table S1 ) shows that 277 lipid species in the LDL fraction and 278 lipid species in the HDL fraction are identified in UC-prepared samples in positive MS mode. Similarly, 141 lipids in both LDL and HDL fractions are found in UC-prepared samples in negative mode. In comparison, over 98% of the identical lipids are found in the samples prepared by the SP-AF4 method for both the LDL and HDL fractions in positive and negative modes. The < 2% difference between UC-and AF4-prepared samples is not statistically significant as this comparison is done for only one plasma sample. A head-to-head comparison of the number of lipids detected within each lipid class by lipoprotein fraction and MS mode also shows that in positive MS mode, 100% of the lipids identified in DAG, LPE, MAG, PA, PE, pPC, pPE, and TAG lipid classes of the samples prepared by the UC method are also detected in samples prepared by the SP-AF4 method. Similarly, in negative MS mode, 100% of the lipids identified in FFA, CerP, LPE, S4E, PA, PC, PG, PI, pPE, and PS lipid classes of the samples prepared by the UC method are also detected in samples prepared by the SP-AF4 method in both the LDL and HDL fractions. It should also be noted that AF4 fraction 8 which contains both HDL and LDL was not pooled and analyzed (only fractions expected to be predominantly HDL and LDL were subjected to lipidomics analysis). These lipidomics results demonstrate SP-AF4's suitability as a preparation method for HDL and LDL from human plasma. a b Lipoprotein characterization by analytical scale
AF4-MALS-DLS
Lipoprotein size is an important physical property used to help define lipoprotein subclasses, and therefore, methods capable of size characterization are desirable. Analytical scale AF4 is combined with online multiangle light scattering (MALS) and dynamic light scattering (DLS) for the dual purpose of separation and size measurement of eluting components. Light scattering requires the more monodisperse samples provided by AF4 separation for accurate size measurement. The use of analytical scale AF4 reduces the amount of sample required for each injection compared to SP-AF4 while still providing acceptable light scattering intensities for size characterization.
Fractograms of UC-prepared LDL standard (Fig. 5a ) and HP-D samples (Fig. 5b) are superimposed with root-mean-square radius r rms values measured by MALS and hydrodynamic radius r h reported by DLS detectors.
In Fig. 5a , the peak eluting at 7.5 min is likely LDL based on the r h size distribution that falls in the expected LDL radius range (~11.5 to 13.5 nm). This peak represents~55% of the UC-prepared LDL sample based on the area under the UV signal. The r rms size distribution is significantly higher than the r h distribution, a difference that will be discussed in the following section. The sample components eluting between 17 and 35 min have an r h distribution from~20 to~60 nm. This size range is consistent with very low-density lipoprotein (VLDL) which is~20 to 45 nm or LDL aggregates [10, 36] . The noisy r h and r rms data is due the lower overall MALS and DLS signal intensities. The void peak at~1 min has a relatively high light scattering signal compared to the UV signal which is consistent with the elution of large unretained sample components.
A higher initial V c is used for the separation of the HP-D sample shown in Fig. 5b so that LDL is separated from other components present in the sample. The peak at 17.5 min is designated as LDL because the r h and r rms sizes are similar to those measured for the LDL standard in Fig. 5a . The species eluting from~2.5 to 16 min are likely HSA, HDL, IgG, and other human plasma components smaller than LDL as confirmed by r h values (~3 to 12 nm) calculated using AF4 retention theory (see ESM Fig. S2 ). Determination of r h and r rms from light scattering for this t r region is not possible due to the low signal/noise ratio and because r rms cannot be determined for analytes < 10 nm in diameter. In comparison to Fig. 5a , the r h in Fig. 5b increases from~20 to 50 nm and is lower than the r rms over the entire distribution. The void peak at~1 min is most likely large analytes or other plasma components. These results show the capability of AF4-MALS-DLS to characterize the size distribution of LDL from human plasma before or after isolation by UC. Information about the particle shape can also be estimated from AF4-MALS-DLS using the ratio of rrms /r h . However, a comparison to cryo-electron microscopy and other shape sensitive methods is needed to confirm shape information obtained by AF4-MALS-DLS. This is the basis for future research and is beyond the scope of this work.
Conclusion
The use of SP-AF4 for isolation of human plasma HDL and LDL was demonstrated, and separation conditions, sample recovery, and LC/MS/MS phospholipid profiles were compared to those obtained using a UC preparation method. Size fractionation by SP-AF4 allowed HDL and LDL fractions each containing 5 to 109 μg of total proteins to be collected in less than 1 h. An approximately forty times increase in separation speed by SP-AF4 compared to the UC preparation method and nearly ten times increase in sample load compared to analytical scale AF4 were achieved. These improvements represent a significant increase in throughput and sample amount. Also, flexibility in SP-AF4 carrier fluid selection allows for the use of more biologically preferred conditions (50-mM phosphate buffer) compared to high salt concentrations (3 M KBr) used in UC that can cause unwanted proteinlipoprotein dissociation or aggregation. Analysis of LC-MS/ MS lipid profiles showed that a similar number of lipids are identified in UC and SP-AF4 prepared lipoproteins, supporting SP-AF4 as a method to improve throughput for clinical studies and biomarker discovery. Analytical scale AF4-MALS-DLS was also demonstrated as a fast method for probing lipoprotein size distributions.
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